Histone gene expression is tightly coordinated with DNA replication, as it is activated at the onset of S phase and suppressed at the end of S phase. Replication-dependent histone gene expression is precisely controlled at both transcriptional and posttranscriptional levels. U7 small nuclear ribonucleoprotein (U7 snRNP) is involved in the 3′-end processing of nonpolyadenylated histone mRNAs, which is required for S phase-specific gene expression. The present study reports a unique function of U7 snRNP in the repression of histone gene transcription under cell cycle-arrested conditions. Elimination of U7 snRNA with an antisense oligonucleotide in HeLa cells as well as in nontransformed human lung fibroblasts resulted in elevated levels of replication-dependent H1, H2A, H2B, H3, and H4 histone mRNAs but not of replication-independent H3F3B histone mRNA. An analogous effect was observed upon depletion of Lsm10, a component of the U7 snRNP-specific Sm ring, with siRNA. Pulse-chase experiments revealed that U7 snRNP acts to repress transcription without remarkably altering mRNA stability. Mass spectrometric analysis of the captured U7 snRNP from HeLa cell extracts identified heterogeneous nuclear (hn)RNP UL1 as a U7 snRNP interaction partner. Further knockdown and overexpression experiments revealed that hnRNP UL1 is responsible for U7 snRNP-dependent transcriptional repression of replication-dependent histone genes. Chromatin immunoprecipitation confirmed that hnRNP UL1 is recruited to the histone gene locus only when U7 snRNP is present. These findings support a unique mechanism of snRNP-mediated transcriptional control that restricts histone synthesis to S phase, thereby preventing the potentially toxic effects of histone synthesis at other times in the cell cycle.
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RNA regulator | RNA-binding protein | RNP pulldown I n eukaryotic cells, sufficient histones must be synthesized in concert with DNA replication to package the newly replicated DNA into chromatin. The expression of replication-dependent histone genes, which encode five core histone species (H1, H2A, H2B, H3, and H4), is highly stimulated at the beginning of S phase and sharply suppressed at the end of S phase in metazoans (1) . The expression of replication-dependent histone genes is coordinately activated at the transcription level at the G1/S-phase transition. The cyclin E-Cdk2 substrate p220/NPAT reportedly plays an essential role in the coordinate transcriptional activation of histone genes at the onset of S phase (2, 3) . Through its direct interaction with subtype-specific transcription factors such as HiNF-P, which is required for histone H4 promoter activation (4), p220/NPAT activates histone gene transcription. The active transcription of histone genes requires ongoing DNA replication; therefore, the arrest of DNA replication with hydroxyurea or DNA damage induced by ionizing radiation leads to rapid transcriptional suppression (5, 6) .
Replication-dependent histone genes produce nonpolyadenylated mRNAs that possess a conserved stem-loop (SL) structure (1, 7, 8) . The noncanonical structure of the 3′ terminus of histone mRNAs significantly contributes to S phase-specific histone gene expression. Nonpolyadenylated histone mRNAs are synthesized as a consequence of the unique 3′ processing mechanism. Endonucleolytic cleavage occurs between two sequence elements, including a conserved SL structure and a purine-rich histone downstream element (HDE) that are separated by ∼15 nt (8-10).
The HDE interacts with the U7 small nuclear ribonucleoprotein (snRNP), which is composed of U7 snRNA and an Sm ring. The Sm ring of U7 snRNP differs from that in spliceosomal snRNPs, containing Lsm10 and Lsm11 in place of SmD1 and SmD2 (11, 12) . U7 snRNP is recruited to histone pre-mRNA primarily through base-pair formation between the 5′ end of U7 snRNA and the HDE (8, 10) . The SL structure is associated with the SL-binding protein (SLBP) (13) , and it stabilizes the binding of U7 snRNP to histone pre-mRNAs (14) .
SLBP binds a 100-kDa zinc finger protein (ZFP100) that interacts with Lsm11 (15) . SLBP is the limiting factor for S phasespecific histone mRNA synthesis (16) . In mammalian cells, SLBP synthesis is activated just before entry into S phase, and phosphorylation of a specific threonine in SLBP by cyclin A/Cdk1 triggers rapid degradation at the end of S phase (16, 17) . SLBP degradation leads to the destabilization of histone mRNAs, which prompts the rapid shutoff of histone gene expression at the end of S phase. Factors involved in the transcription and mRNA processing of histone genes (e.g., NPAT) are commonly localized to distinct nuclear foci, called histone locus bodies (HLBs), near the chromosomal loci of histone gene clusters. The HLBs often overlap with or are located in close proximity to the Cajal body, a classical nuclear body detected during the immunostaining of coilin (8, 18, 19) .
We recently reported that the efficient depletion of U7 snRNA in HeLa cells with an antisense oligonucleotide (ASO) leads to a defect in the 3′-end processing of histone mRNAs and a concomitant delay in S-phase progression (20) . Cell-cycle progression was arrested at the transition step between G1 and S phase (G1/S) using a double-thymidine block for cell synchronization, and the arrested cells were used for U7 snRNA depletion. Unexpectedly, processed histone mRNAs accumulated at elevated levels, even in the absence of U7 snRNA, under cell cyclearrested conditions. This discovery raised the intriguing possibility that U7 snRNA can suppress histone gene expression under cell cycle-arrested conditions.
In this paper, we report a unique function of U7 snRNA in histone gene expression in which U7 snRNA acts to repress transcription of replication-dependent histone genes during cellcycle arrest. We identified heterogeneous nuclear (hn)RNP UL1 as the U7 snRNP interactor that is responsible for the repression. These data reveal dual roles of U7 snRNPs that strictly regulate histone gene expression to prevent the production of extra histones, which are harmful to the cell.
Results
Elimination of U7 snRNA Leads to the Up-Regulation of Histone Gene Expression in Cell Cycle-Arrested Cells. U7 snRNA was eliminated with the ASO in HeLa cells in which the cell cycle was arrested at G1/S phase using a double-thymidine block (ΔU7 cells) (lane ΔU7 in Fig. 1A ). When the cell cycle-arrested period was extended for 24 or 48 h by culturing the cells in thymidine-containing media, the accumulation of matured histone H1C mRNA in ΔU7 cells was markedly elevated (eightfold) compared with accumulation in control cells (open circle in Fig. 1D ). Similar upregulation was detected in other subclasses of histone mRNAs (H1-H4) but not in H3F3B, a replication-independent histone gene that produces polyadenylated mRNA (21) (Fig. 1C) . Elimination of U7 snRNA caused neither aberrant cell-cycle entry into S phase (Fig. 1B and Fig. S1A ) nor aberrant amplification of histone gene copy number (Fig. S1B ) during extended cell-cycle arrest.
The elevation of H1 mRNA detected by quantitative (q)RT-PCR was not caused by the aberrant synthesis of polyadenylated histone mRNAs in ΔU7 cells. This conclusion is evidenced by the fact that most of the increased band in the Northern blot corresponded to processed mRNAs ( Fig. 1D ), which were not captured by oligo(dT) selection (Fig. 1E) . Moreover, qRT-PCR detected the marked increase of histone mRNA levels in the nonpolyadenylated RNA fraction (oligo dT-sups in Fig. 1F ). Marked elevation of mRNA levels of the replication-dependent histone genes upon U7 snRNA depletion was observed in quiescent nontransformed fibroblasts (MRC5) (Fig. S2 A-C),
indicating that the effect is not restricted to the transformed cell lines. Furthermore, when ΔU7 cells were semisynchronized with nocodazole (which arrested the cell cycle at M phase) and the cell cycle was subsequently reinitiated by the removal of nocodazole, the levels of histone mRNAs were also elevated after 8 h (Fig. S2 D and E) . In contrast, a threefold up-regulation of U7 snRNA by expression from the transfected plasmid in the cell cycle-arrested cells (lane U7 in Fig. 1A ) led to the down-regulation of five replication-dependent histone genes but not of the replication-independent H3F3B gene ( Fig. 1G) .
At the onset of S phase triggered by thymidine removal, the stimulation of histone gene expression was observed in both control and ΔU7 cells, although the elevation of mRNA levels was less remarkable in ΔU7 cells (Fig. S3 ). This observation indicates that the S phase-specific activation of histone gene expression per se is poorly affected by the status of cellular U7 snRNA. The higher accumulation of histone mRNAs in ΔU7 cells at S phase was likely caused by elevation of basal accumulation levels at G1/S phase. These data argue that U7 snRNA acts to repress histone gene expression under cell cycle-arrested conditions.
To exclude the possibility that the ASO for U7 snRNA knockdown artificially increased histone mRNA levels, a protein component of U7 snRNP (Lsm10) was eliminated with siRNA. U7 snRNA was obliterated in ΔLsm10 cells (Fig. 1H ). Elevated accumulations of processed histone H1C mRNA and the aberrantly polyadenylated form were detected in ΔLsm10 cells (Fig.  1H ). This result supports our observations in ΔU7 cells and also Northern blot analysis to detect histone H1C after elimination of U7 snRNA (ΔU7). Open triangles and circles represent aberrantly polyadenylated and normally processed H1C mRNAs, respectively, which were identified by Northern blot with oligo-dT-selected RNAs (E). GAPDH is the control mRNA. (F) Quantitative RT-PCR to measure the levels of polyadenylated (oligo-dT ppt) and nonpolyadenylated (oligo-dT sup) histone mRNAs upon elimination of U7 snRNA (black bars) (*P < 0.1, Student's t test). (G) The time schedule of the experiment is shown above. Histone mRNA levels in vector-transfected cells (white bars) and U7 snRNA-transfected cells (black bars) were measured by qRT-PCR. Levels in the vector-transfected cells are adjusted to 1.0. Control mRNAs are GAPDH, H3F3B, and β-actin (**P < 0.01, Student's t test). (H) U7 snRNP suppresses the expression of H1C mRNA. Northern blot analysis was performed to detect H1C mRNA and U7 snRNA in Lsm10-eliminated cells with siRNA (ΔLsm10). Aberrantly polyadenylated and normally processed H1C mRNAs are represented as in D. GAPDH and U8 are control RNAs.
indicates that U7 snRNA acts as a canonical U7 snRNP with the Sm ring for the repression of histone gene expression.
U7 snRNP Represses the Transcription of Histone Genes. To clarify the step(s) that U7 snRNP suppresses, the levels of newly synthesized nascent histone mRNAs were measured in cell cyclearrested ΔU7 cells and control cells. The uridine analog 5-ethynyl uridine (EU) was incorporated into cells cultured in thymidinecontaining medium for 30 min, after which EU-containing nascent RNAs were captured. Quantitative RT-PCR revealed that the levels of the captured nascent mRNAs for five histone genes, but not the GAPDH gene, were markedly increased in ΔU7 cells ( Fig. 2A) . This finding indicates that the transcription of histone genes was stimulated by U7 snRNA depletion. We confirmed that the U7 snRNA depletion reduced or did not affect the stability of histone mRNAs by measuring the half-lives of EU pulse-labeled histone mRNAs (Fig. 2B ) and unlabeled histone mRNAs after treatment with a transcription inhibitor, actinomycin D (Fig. 2C) . Northern blot analysis showed that the processed forms comprised most of the accumulated H3 mRNA in ΔU7 cells (open circle in Fig. 2C) , and the stability of the processed H3 mRNAs was even lower in ΔU7 cells (Fig. 2C) . The processed H3 mRNA was confirmed to be nonpolyadenylated (Fig. S4A) and accurately processed at the 3′ terminus, which was identical to the position in control cells (Fig. S4B) . These results indicate that the elimination of U7 snRNA leads to transcriptional derepression of replication-dependent histone genes, with neither stabilization of histone mRNAs nor alteration of mRNA processing accuracy. We further investigated whether U7 snRNP modulates transcription from histone gene promoters using the firefly luciferase (FFluc) reporter driven by the H1C promoter. Because this construct produces canonically polyadenylated FFluc mRNA, the role of U7 snRNP in transcription could be separated from its role in mRNA processing. As shown in Fig. 2D , the H1C promoter was significantly up-regulated upon depletion of U7 snRNA (Left), whereas it was slightly down-regulated in cells overexpressing U7 (Right), indicating that U7 snRNP can repress transcription from the H1C promoter.
hnRNP UL1 Is an Interactor of U7 snRNP. Known U7 snRNP-interacting proteins have been limited to factors involved in the 3′-end processing of histone mRNAs. Therefore, we attempted to capture U7 snRNP with the ASO to identify the responsible factor(s) for the unique function of U7 snRNP in transcriptional repression. The established method for U7 snRNP purification (22) was subjected to an antisense 2′-O-methyl oligonucleotide. The identities of the proteins that were contained in the captured U7 snRNP fraction from HeLa cells were determined by highly sensitive direct nanoflow liquid chromatography/tandem mass spectrometry (LC-MS) (23) . To exclude various proteins that are nonspecifically copurified in this procedure, three control experiments were applied: (i) pull down with only beads that are not conjugated with ASOs ("no oligo" in Fig. 3B); (ii) pull down with beads that are conjugated with the ASO whose sequence was scrambled ("scrambled oligo" in Fig. 3B) ; and (iii) pull down with U7 ASO-conjugated beads in the presence of excess unconjugated U7 ASO ("U7ASO + excess oligo" in Fig. 3B ).
Specific pull down of U7 snRNPs was confirmed by detection of U7 snRNA and Lsm11 with Northern and Western blots, respectively (Fig. 3A) . The numbers of peptides identified by LC-MS analysis in the purposed experiment (U7ASO) were compared with those in the three control experiments (Fig. 3B) . Among the 194 proteins detected by LC-MS analysis, most of the proteins were nonspecifically pulled down with beads, antibody, or ASO, because they appeared in the control experiments as well as in the purposed experiments. However, one protein (hnRNP UL1; also known as E1B-AP5) was specifically enriched in the fraction with U7 ASO (peptide number per analysis: 9.75) but not in the control experiments (peptide number per analysis: 0.17).
The interaction between hnRNP UL1 and U7 snRNP was confirmed by coimmunoprecipitation (co-IP) with an anti-hnRNP UL1 antibody (αUL1) and by pull down with U7 ASO (Fig. 3C) . Northern blotting of coimmunoprecipitated RNAs with the αUL1 antibody revealed that U7 snRNA interacted with hnRNP UL1 (lane αUL1 in Fig. 3C, Left) . Western blotting confirmed the coprecipitation of hnRNP UL1 during the capture of U7 snRNP with U7 ASO (lane U7 in Fig. 3C, Right) . Reciprocal co-IP from HeLa cells transfected with Flag-Lsm11 revealed the interaction between hnRNP UL1 and Flag-Lsm11 in the presence of RNase A (Fig. 3D) .
These data strongly suggest that hnRNP UL1 associates with U7 snRNP through protein-protein interactions with the U7-specific Sm ring or its associated factors. The protein hnRNP UL1 originally was identified as an interactor with adenovirus E1B-55K protein (24) and reportedly represses transcription from various promoters (25) . These previous findings suggest the involvement of hnRNP UL1 in U7-mediated transcriptional repression. hnRNP UL1 Is Responsible for the Unique Function of U7 snRNP. To investigate the role of hnRNP UL1 in U7 snRNP, hnRNP UL1 was eliminated from cell cycle-arrested cells cultured in thymidinecontaining medium with each of two siRNAs (ΔUL1-1 and ΔUL1-2 in Fig. 4A ). The elimination did not affect cell-cycle arrest at G1/ S phase (Fig. S1A) , nor did it alter the accumulation level of U7 snRNA (Fig. 4A) . This result was distinct from the effect of Lsm10 elimination, which destabilized U7 snRNA (Fig. 1H) . The accumulation of replication-dependent histone mRNAs increased upon hnRNP UL1 elimination (Fig. 4 B and C) . Importantly, Northern blotting showed that hnRNP UL1 elimination did not affect the 3′-end processing of H1C mRNA (lanes ΔUL1-1 and ΔUL1-2 in Fig. 4B) , which was affected in ΔU7 and ΔLsm10 cells (Fig. 1 D and H) . The overexpression of hnRNP UL1 from the transfected plasmid led to the down-regulation of histone gene expression (Fig. 4D) . These data indicate that hnRNP UL1 is not involved in the 3′-end processing of histone mRNAs but is required for the repression of histone gene expression. Analysis of the captured nascent histone mRNAs revealed that hnRNP UL1 elimination mediated the increase in nascent histone mRNAs (Fig. 4E) , which indicates that hnRNP UL1 can repress histone gene expression at the transcriptional level.
To examine whether hnRNP UL1 acts as part of U7 snRNP, the repression of histone gene expression by hnRNP UL1 was monitored in the presence or absence of U7 snRNA. The repression (P < 0.05) of H1 expression by hnRNP UL1 overexpression observed in control cells was less pronounced in ΔU7 cells (Fig. 4F) . Additionally, when the repression of H2A expression by U7 snRNA was monitored in the presence or absence of hnRNP UL1, the repression of H2A expression (P < 0.05) by U7 snRNA overexpression observed in control cells was less pronounced in ΔUL1 cells (Fig. 4G) . Although the degree of repression was weak due to experimental limitations, the above results suggest that hnRNP UL1 acts as a part of U7 snRNP to repress histone gene expression.
The recruitment of hnRNP UL1 to the histone gene locus was monitored by chromatin immunoprecipitation (ChIP) assay (Fig.  4H ). Replication-dependent histone genes lack introns and, therefore, cover short genomic regions (ca. 700 bp). Accordingly, the chromatin was fragmented into smaller pieces (<500 bp) than those in the usual ChIP assay to discriminate each part of the histone gene. ChIP with the αUL1 antibody and subsequent detection of histone H2AA chromatin fragments revealed the association of hnRNP UL1 with the H2AA gene locus, with peak binding occurring near the terminator of the H2AA gene. Importantly, ChIP signals were markedly weakened in ΔU7 cells (ΔU7 in Fig. 4H ), which indicates that hnRNP UL1 is recruited to the histone gene locus by association with U7 snRNP.
Discussion
The tight regulation of histone gene expression during each cell cycle is required to prevent harmful effects, such as genomic instability or hypersensitivity to DNA-damaging agents, due to the accumulation of the highly basic histones when DNA replication slows down or stops (26) . Histone gene expression needs to be suppressed when the cell has passed the DNA-replication stage. We found that U7 snRNP represses histone gene expression under cell cycle-arrested conditions; this mechanism may help to prevent extra histone synthesis.
To investigate the impact of this mechanism, the levels of accumulated histones were analyzed in ΔU7 cells. Marked elevation of histone accumulation (approximately threefold) was observed when cells were treated with a proteasome inhibitor (Fig. S5) . Without the treatment, histone levels were unchanged even if the levels of histone mRNAs were increased. The synthesis of extra histones from the increased mRNAs appears to be compensated by proteasome degradation in ΔU7 cells. These mechanisms of transcriptional repression and protein degradation may guarantee the prevention of extra histone synthesis. The repressive function of U7 snRNP was observed in quiescent nontransformed fibroblasts as well as in HeLa cells, suggesting that the U7 snRNPmediated control of histone synthesis is a general regulatory mechanism adopted in various cell types.
Accurately processed histone mRNAs were detected at relatively high levels in ΔU7 cells. Although U7 snRNA depletion (to <5%) is likely to be sufficient to abolish the function of U7 snRNPs in ΔU7 cells, it cannot be ruled out that residual amounts of U7 snRNP are still able to process histone pre-mRNAs. A similar result was obtained under the condition of SLBP depletion, in which substantial levels of processed histone mRNAs Fig. 3 . Identification of hnRNP UL1 as a U7 snRNP component. (A) Purification of U7 snRNP. U7 snRNA and Lsm11 were detected in the purified U7 snRNP fraction (pull down) by Northern blot (NB) and Western blot (WB) analyses, respectively. (B) Detected proteins in the purified U7 snRNP fraction by LC-MS analysis. Black bars indicate the analyzed numbers of peptides from the proteins, whose peptides were read more than five times, in the purified U7 snRNA fraction with ASO (U7ASO). White, light gray, and dark gray bars indicate the analyzed numbers of peptides in the three control experiments (no oligo, scrambled oligo, and U7ASO+excess oligo, respectively). (C) hnRNP UL1 is a component of U7 snRNP. Immunoprecipitation with anti-hnRNP UL1 antibody (αUL1) and IgG as a control was performed. Pull down with U7 ASO (U7) and scrambled oligo (Scr) was performed. U7 snRNA was detected by Northern blot analysis and U6 or U8 snRNA was detected as a control. accumulate in the cell (27) . Another intriguing possibility is that an unidentified mechanism compensates for the 3′-end processing of histone mRNAs once a critical factor is abolished.
hnRNP UL1, the U7 snRNP-interacting protein, was recruited to the chromosomal locus of histone genes in cell cycle-arrested cells (Fig. 4H) . The immunostaining results indicated that HLBs marked by NPAT were present in hnRNP UL1-localized nuclear foci in ∼15% of the cell population (Fig. S6) . hnRNP UL1 has been shown to aid in transcriptional repression from various promoters, including the histone H2A promoter (25) . This is consistent with the reporter assay results, which showed that U7 snRNP repressed transcription from the histone H1C promoter (Fig. 2D) . The ChIP assay results revealed that the major association site of hnRNP UL1 was located near the transcription terminator of the histone H2AA gene, and that the association depended on U7 snRNA (Fig. 4H) . These results suggest that hnRNP UL1 associates with U7 snRNP that binds to the nascent histone pre-mRNA, which may facilitate transcriptional repression of the cognate histone gene (Fig. 4I) . Our data also suggest that the role of U7 snRNP in repression of histone gene transcription is distinct from the possible role of U7 snRNA in transcriptional control of the MDR1 gene, through interaction with the transcription factor NF-Y that binds to the MDR1 promoter (28) . However, elucidation of the detailed mechanism by which hnRNP UL1 and U7 snRNP act to repress transcription will require further analysis.
The rapid transcriptional suppression of histone genes upon hydroxyurea treatment in S phase occurred properly in ΔU7 cells (Fig. S3) , which indicates that the U7-mediated repression mechanism is distinct from the previously noted mechanism through the p53/p21-dependent pathway (6) . Transcriptional activation of histone genes at the onset of S phase occurred normally in ΔU7 cells, which indicates that the U7-mediated repression does not affect the p220/NPAT-mediated transcriptional activation in S phase. However, how the two functions of U7 snRNP are switched depending on the cell-cycle phase remains unclear.
We have confirmed that hnRNP UL1 is associated with U7 snRNP in S phase, which indicates that the binding of hnRNP UL1 to U7 snRNP is unlikely to be the step that establishes the mode of action. Endonucleolytic cleavage to create the 3′ end of histone mRNAs is known to liberate the U7 snRNP that is used for the next round of processing (29) . This observation suggests that the active transcription of histone genes in S phase facilitates the rapid turnover of U7 snRNP on the histone locus and thereby prevents hnRNP UL1 from playing a repressive function. Further mechanistic investigations regarding the role of U7 snRNP should provide unique insights into the multilayer regulatory system that maintains histone levels during each cell cycle.
Materials and Methods
Reagents and Molecular Biological Protocols. The chemicals used were purchased from Nacalai Tesque unless otherwise stated. See SI Materials and Methods for additional information.
Plasmid Construction and Transfection. The expression plasmid of U7 snRNA was cloned into the pGEM-T Easy Vector (Promega). The expression plasmid of Flag-Lsm11 was cloned into the pcDNA3-Flag vector (20) . The expression plasmid of hnRNP UL1 was a gift from R. J. A. Grand (University of Birmingham, Birmingham, UK). The plasmid was administered into HeLa cells with Lipofectamine 2000 (Invitrogen) or by nucleofection with the Nucleofector device (Lonza) in accordance with the manufacturers' instructions.
Oligonucleotide Administration into Cells. The chemically modified chimeric ASO was synthesized and administered into synchronized HeLa cells with the Nucleofector device, as described previously (20) . For RNAi, HeLa cells were transfected with siRNAs at 200 nM (final concentration) with the Nucleofector device in accordance with the manufacturer's instructions. Negative control siRNA was purchased from Invitrogen. Knockdown efficiencies were verified by immunoblotting or by qRT-PCR (30) . The sequences of siRNAs, Fig. 4 . hnRNP UL1 is the factor responsible for U7 snRNP function in the transcriptional repression of histone genes under cell cycle-arrested conditions. (A) Elimination of hnRNP UL1 does not affect U7 snRNA accumulation. hnRNP UL1 was treated with two siRNAs (ΔUL1-1 and ΔUL1-2) or control siRNA, and the elimination of hnRNP UL1 was confirmed by Western blot. U7 snRNA was detected in ΔUL1 cells by Northern blot. The siRNAs were administered into the cell cycle-arrested cells cultured in thymidinecontaining medium. (B) hnRNP UL1 is not involved in the 3′-end processing of histone mRNAs but is involved in the repression of histone gene expression. Histone H1C mRNA in ΔUL1-1 and control cells was detected by Northern blot. H1C mRNA in ΔU7 cells is shown as the reference for the 3′-end processing defect. Aberrantly polyadenylated and normally processed H1C mRNAs are represented as in 
